Although deficient in all indispensable amino acids, gelatin is used in protein-restricted diets. Food efficiency and protein quality of casein and gelatin mixtures in low protein diets in Wistar rats were investigated.
I N T R O D U C T I O N
Gelatin is a soluble mixture of polypeptides produced by the partial hydrolysis of collagen 1 
.
Collagen is an insoluble protein of animal origin that holds organs and tissues together and gives strength to tendons, among other biological functions 2, 3 . In nutritional terms, gelatin is an incomplete protein because its amino acid profile is quite atypical and deficient in all of the indispensable (essential) amino acids recommended by the Food and Nutrition Board of the Institute of Medicine (IOM) of the National Academy of Sciences 4 . It is known that gelatin contains no tryptophan 5, 6 .
Gelatin and collagen hydrolysate have been shown to improve skin hydration, transepidermal water loss, elasticity, and skin barrier dysfunction 7, 8 . Furthermore, they have been used to promote weight loss because studies have shown that gelatin can inhibit appetite and promote satiety 9, 10 . However, the use of gelatin in a protein-restricted diets (like those before and after gastrointestinal tract surgery, chronic renal insufficiency treatment diets, and those aimed to promote weight loss 11, 12 ) could be a potential nutritional risk. Insufficient protein intake (in terms of both quantity and quality) inhibits endogenous metabolism of proteins, prolongs the inflammatory phase of the healing process, decreases fibroblast proliferation, angiogenesis and collagen synthesis, and impairs tissue repair 12 . Therefore, the use of gelatin in a protein-deficient diet could slow patient recovery.
Considering the uses of gelatin in proteinrestricted diets, this study investigated food efficiency and protein quality of casein (a complete protein) and gelatin mixtures in low protein diets administered to Wistar rats.
M E T H O D S
The biological assay was carried out with 36 weanling male Wistar rats (21-23 days old), which were randomically distributed in six groups with six animals each, and average body weight ranging from 51.8 to 54.6 g per group. The rats were kept in individual cages and under standard environmental conditions (12-h light/dark cycle, relative humidity between 40-70%, temperature between 20-23°C) 13 . The rats were fed diets formulated according to the American Institute of Nutrition (AIN-93G) 14 (Table 1) , containing different sources of protein and reduced protein contents, as follows: C 10 -10.0% protein (casein); C 8 G 2 -10.0% protein (8.0% casein and 2.0% gelatin); C 12.5 -12.5% protein (casein); C 10 G 2.5 -12.5% protein (10.0% casein and 2.5% gelatin); G 10 -10.0% protein (gelatin), and protein-free diet. In the C 8 G 2 and C 10 G 2.5 diets, 20.0% of casein protein was replaced with gelatin protein (4:1 of protein content) to simulate the proportion of gelatin in a protein-restricted diet, besides the protein complementation (C 8 G 2 ) and supplementation (C 10 G 2.5 ) when compared to the C 10 diet (control). The protein content in the diets ranged from approximately 0.0% (protein free) to 10.0% (C 10, C 8 G 2 and G 10 ) and 12.5% (C 12.5 and C 10 G 2.5 ), and all protein diets had similar energy values, which were estimated using the conversion factors of 4, 4, and 9 kcal/g for protein, carbohydrates and lipids, respectively 15 (Table 1) . Food and water (filtered) were provided to the animals ad libitum for 45 days, comprising 3 days of acclimatization and the following experimental periods: 2 weeks for the protein-free and G 10 groups and 4 weeks for the C 10 , C 8 G 2, C 12.5 and C 10 G 2.5 groups. The treatment of the protein-free and G 10 groups was maintained for two weeks only to avoid animal suffering since they showed severe weight loss. In order to evaluate the influence of complementation and supplementation combining casein and gelatin on the growth of the animals and the liver protein retention, the treatment of the C 10 , C 8 G 2, and C 10 G 2.5 groups were maintained for 2 more weeks (total: 6 weeks). Food intake was monitored daily, and the acceptance of each diet was assessed comparing the amount of food consumed versus the amount of food offered. The animals were weighed three times a week. For the analysis of protein content, the animal feces were collected over 7 days during the second (for the protein-free and G 10 groups) or the fourth week (for other groups) of the experiment. The The gelatin and casein amino acid contents were determined after hydrolysis of the protein in an acid solution using an amino acid analyzer (Nicolas V, Ribeirão Preto [SP], Brasil) and colorimetric post-column detection with ninhydrin 16 . The amino acid profile of a powdered, unflavored gelatin (a common brand sold in Brazilian markets) was also analyzed to ensure that the gelatin used in the experimental diets was similar to gelatin used for human consumption. The indispensable Amino Acid Score (AAS) was estimated using the amino acid analysis results, which were compared to the requirement pattern for indispensable amino acids proposed by the IOM 4 , as follows: AAS=[(mg of amino acids in 1 g of protein test/ mg of amino acids in standard) × 100].
The amino acid profiles of the gelatin used in the experimental diets and the commercial gelatin (for human consumption) were similar, which allows extrapolation of this study results to the gelatin commonly used for human consumption. There is no tryptophan in gelatin, and according to the requirement pattern, gelatin is also deficient in other indispensable amino acids 4 . The casein/gelatin mixture (4:1 of protein content) meets the patterns of amino acid requirements ( Table 2 ).
The Nitrogen (N) content of casein, gelatin, experimental diets, and rats' feces and liver were analyzed by the micro-Kjeldahl method using the factors 6.38 for casein, 5.55 for gelatin, and 6.25 18 . Moisture and ash were analyzed using the methods defined by the Association of Official Analytical Chemists 17 , and the total carbohydrate content of the diets (including fiber) was calculated by subtracting the weight of total fat, crude protein, moisture, and ash from the total weight of the food.
Food and protein efficiency evaluation
The biological availability of the diets was evaluated using the following parameters: animals' growth and weight gain curve; Food Conversion Ratio (FCR), which represents the efficiency of food intake in promoting weight gain; Protein Efficiency Ratio (PER), which is based on body weight gain compared to protein intake over a period of four weeks; Relative Protein Efficiency Ratio (RPER); Corrected PER, which is estimated by the PER of the protein test adjusted for the value of 2.5 (standard value for casein PER, estimated in diets with 10% protein); and true protein digestibility, assessed as the difference between nitrogen intake and nitrogen absorbed (fecal nitrogen input) and was expressed as a percentage 19, 20 . The hepatic profile of the C 10 , C 8 G 2 and C 10 G 2.5 groups was evaluated by the liver weight (g), relative liver weight (g per 100 g of body weight), and protein and fat contents.
The results of the chemical and biological assays were expressed as mean and standard deviation, and the data were submitted to the Analysis of Variance (Anova) and Tukey's test, with 
R E S U L T S
The animals of the C 10 , C 8 G 2 , C 10 G 2.5, and C 12.5 groups had similar body weight at the fourth week of experiment (p>0.05), and the C 10 G 2.5 group had lower body weight gain than C 10 group at the sixth week (p<0.05) (Figure 1 ). The G 10 and protein-free groups showed similar weight loss (p>0.05) and low diet acceptance (G 10 =42.4% ±6.4 and protein-free=48.2% ±6.7) during the feeding period when compared to the other groups after two weeks of experiment (C 10 =85.6% ±5.5, C 8 G 2 =82.5% ±11.8, C 10 G 2.5 =81.9% ±11.2 and C 12.5 =73.4% ±9.6). Although weight gain and food intake of the protein diets were similar after four weeks of experiment (Figure 1 ), the FCR of the experimental groups were higher than that of the 10% protein control group in the protein complementation (C 8 G 2 versus C 10 ) and supplementation (C 10 G 2.5 versus C 10 ) diets (Table 3) . After six weeks of experiment, the weight gain was similar in the protein complementation (C 8 G 2 =141.6 g ±22.0) diet, but in the protein supplementation diet was lower in the experimental group (C 10 G 2.5 =122.4 g ±15.5) than in the control group (C 10 =157.5 g ±19.8) (p<0.05).
The protein efficiency ratio of the diets with the casein/gelatin mixtures was lower than those of their respective controls (C 8 G 2 versus C 10 and C 10 G 2.5 versus C 12.5 ), as well as in the protein supplementation diet (C 10 G 2.5 ) compared to the C 10 diet. The corrected PER of the C 8 G 2 diet was approximately 2.0 when adjusted to the standard value of casein PER. The True Protein Digestibility of the diets was approximately 95% (Table 3) . The liver weight (g) and the relative liver weight of the casein/gelatin groups (C 8 G 2 =3.8% ±0.2, C 10 G 2.5 =3.6% ±0.4) were lower than those of the control group (C 10 =4.2% ±0.4); the liver protein (g) of the C 10 G 2.5 group was lower than that of the C 10 group (p<0.05), and there were no differences in the protein intake between the three groups of animals ( Figure 2 ). The total liver fat was similar in all of the three groups (p>0.05), as follows: C 10 =0.28 g ±0.07; C 8 G 2 =0.28 g ±0.06, and C 10 G 2.5 =0.22 g ±0.02.
D I S C U S S I O N
Gelatin has lower contents of all the indispensable amino acids than those considered necessary for human health 4 ; its AAS is zero. On the other hand, some dispensable amino acids (alanine, arginine, glycine, and proline) are present in gelatin in excessive amounts when compared to other proteins of animal origin [19] [20] [21] , such as casein (Table 2 ). This atypical and imbalanced amino acid profile in relation to human protein requirements suggests that gelatin should not be consumed by humans as a primary source of protein 4,5 .
The animals fed only gelatin as protein source lost body weight in a similar way to those fed the protein-free diet, as reported in other studies 22, 23 . This result can be explained by the low protein quality of gelatin since its deficiency in indispensable amino acids inhibits endogenous protein synthesis. Furthermore, there is evidence in the literature that rats reject diets deficient in indispensable amino acids. As a result, the food intake of the animals is lower than their energy requirements 24 . This was confirmed in the present study as the G 10 group rejected more than half (57.6%) of the diet offered. The low energy intake along with the deficiency in indispensable amino acids accelerated the protein malnutrition of the animals 25 .
The similar food and energy intake resulted in no differences in the weight gain between the casein and casein/gelatin groups during the four weeks of experiment. Therefore, the different protein sources did not influence the weight gain in the different groups of animals. In addition, the similar energy intake between the treatments did not interfere with the bioavailability of protein sources, as recommended for in vivo protein quality evaluation 19, 25 .
Food conversion ratio of the experimental groups was higher than that of the control group, both regarding casein complementation (C 8 G 2
Rev. Nutr., Campinas, 28(4):421-430, jul./ago., 2015 Revista de Nutrição http://dx.doi.org/10.1590/1415-52732015000400008 versus C 10 ) and supplementation (C 10 G 2.5 versus C 10 ) with gelatin. Therefore, food efficiency was lower when gelatin was present in the diet, making it necessary a higher intake of the casein/ gelatin diet than the control diet (10% protein) in order to reach similar weight gain.
The high quality of casein was reduced when it was complemented with gelatin at the two protein levels evaluated (C 8 G 2 versus C 10 and C 10 G 2.5 versus C 12.5 ), as well as when it was supplemented with gelatin (C 10 G 2.5 versus C 10 ). PER is a more sensitive method to evaluate protein quality since it uses growing animals, which have a higher protein requirement than adult animals. Furthermore, the PER index takes longer to complete than other methods, such as Net Protein Ratio (NPR) (28 days versus 10-14 days, respectively). For these reasons, the PER is sensitive to small differences in protein quality 19, 25, 26 .
The reference protein efficiency ratio of casein is 2.5 18, 25 , based on the Association of Official Analytical Chemists (AOAC) official method 17 , which does not include supplementation with sulfur-containing amino acids. However, when the AIN-93G diet at 10% protein is used, the PER value of casein is higher than 2.5, as found in the present study, because the AIN diet is supplemented with L-cystine in order to correct the casein's deficiency in sulfur-containing amino acids 12 . The corrected PER (adjusted to 2.5) of the C 8 G 2 diet was lower than that of casein (p<0.05) and close to 2.0, which is the minimum requirement for a good quality protein 25 .
The high protein digestibility of the diets (approximately 95%) indicates that gelatin did not influence casein digestibility. The absorption of the amino acids in gelatin is facilitated since it is a partially-hydrolyzed protein derived from collagen, and its digestibility is comparable to that of casein 3, 21 . Therefore, it can be concluded that protein digestibility did not influence the decrease in protein efficiency in the casein/gelatin mixture.
After six weeks of experiment, the total protein intake of the groups was similar, but in the protein supplementation diet (C 10 G 2.5 ), the hepatic protein was lower than that of control group. This fact suggests that the additional gelatin decreases the protein retention in the liver, i.e., the protein bioavailability.
Considering that the casein/gelatin mixture (4:1 of protein content) has sufficient indispensable amino acid content, as well as high digestibility, this mixture could be expected to have protein quality close to that of casein. However, this study showed that gelatin negatively influenced the protein quality of the casein/gelatin mixture. One possible explanation for this result could be the high contents of some dispensable amino acids in gelatin, such as glycine. During the protein absorption by the amino acid transport system, glycine (like other amino acids) has affinity for more than one carrier in the intestinal brush border. Therefore, molecules with a similar chemical structure compete for the same carrier 26 . As a result, the absorption of some indispensable amino acids can be impaired due to the excess of dispensable amino acids, which reduces the bioavailability of indispensable amino acid 27, 28 . Thus, further investigations are needed on the reduction in protein bioavailability by gelatin when it is mixed with a high-quality protein, for example, performing a fecal amino acid profile analysis. We also suggest further investigation on the influence of gelatin on malnutrition recovery in different protein mixtures since it can be used to induce experimental malnutrition 29 .
In the present study, using casein and gelatin mixtures of (20% of the protein content), it was observed that gelatin decreases the efficiency of a high-quality protein in proteinrestricted diets. This finding suggests that in some clinical practices, mainly in situations that involve protein catabolism, gelatin, or partially-hydrolyzed collagen could eventually worsen the catabolic status and thus slow patient recovery. Moreover, in cases of high rate of catabolism, such as major burns, cancer, and malnutrition, special attention to the supplements prescription is suggested because these products can have gelatin as source of protein or amino acids.
C O N C L U S I O N
Gelatin interferes with protein efficiency of high-quality protein. This influence depends on the gelatin concentration in the mixtures and the amount of protein in the diet. When there is low protein intake, gelatin decreases food efficiency and the bioavailability of high-quality protein. 
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